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INVESTIGATION  OF  LASER  FREQUENCY  STABILIZATION 

By  Vincent J. Corcoran,  Richard E. Cupp, 
William T. Smith  and  James J. Gallagher 

Martin  Marietta  Corporation 
Orlando,  Florida 

SUMMARY 

Investigations  have  been  performed  on  the  .stabilization  of  a  far  infra- 

red  laser.  Both  phase  stabilization  and  frequency  stabilization  have  been 

considered.  Theoretical  treatment  of  the  phase-locking  process  has  been 

made  and  experimental  studies  have  been  performed  on  the  phase-locking  of 

the  laser  to  a  harmonic  of  a  frequency  standard.  Stability  characteristics 

of  the  laser  systems  have  been  studied,  and  two  of  the  HCN  lasers,  operating 

on  the 890 GHz  line,  have  been  heterodyned  to  yield  linewidths  on  the  order 

of 10 kHz. An AFC  loop  has  been  employed  to  lock  the  HCN  laser  to  the  fre- 

quency  standard. A stability  on  the  order  of 1 part  in lo8 has  been  achieved. 

I. INTRODUCTION 

During  the  past  five  years  laser  activity  has  been  extended  to  the  far 

infrared  wavelength  region. As a  result,  the  output  wavelength  of  gas  lasers 

has  been  steadily  increased  to  the  point  where  the  longest  achievable  wave- 

length  is  overlapped  by  the  shortest  wavelength  that  is  generated  harmoni- 

cally  from  microwave  oscillators.  The  availability  now  makes  possible  sev- 

eral  investigations  which  were  not  considered  previously  possible. 

Because  of  the  overlap  of  laser  transitions  with  the  signals  obtained  by 

harmonic  generation  from  conventional  oscillators,  it  has  been  possible  to 

mix  the  output of lasers  with  the  outputs  of  klystrons,  and  thereby  measure 

very  accurately  the  laser  output  frequency.  This  has  been  achieved  with  the 
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HCN  laser  transitions  at 890 GHz  and at 960 GHz  by  mixing  with  the  12th  and 

13th  harmonics  of a 70 GHz  klystron  (Reference 1). More  recently,  it  has 

been  possible  to  observe  the  DCN  line  at 190 microns  (Reference 2), and  the 

Hz0  line  at 118 microns  (Reference  3)  by  beating  against a harmonically  gen- 

erated  signal. 

Several  applications  of  the  far  infrared  lasers  require  greater  stability 

of  these  sources  than  is  available  when  operated  in a free  running  mode. 

Thus,  the  establishing  of  standard  frequency  signals,  velocity  of  light 

measurements,  the  extension  of  existing  frequency  standard  techniques  to  the 

optical  region  and  the  eventual  use of precise  tunable  signals  depend  upon 

the  availability  of  far  infrared  signals  with  stabilities  on  the  order  of 

parts  in  lo8  or  better.  Previous  work,  performed  in  the  Electromagnetics 

Department  of  Martin  Marietta  with  the  support  of  the  United  States  Army 

Electronics  Command,  has  provided  the  preliminary  basis  for  the  extension 

of  frequency  control  to  the  far  infrared  (Reference 4). 

The  objective  of  the  investigations  performed  under  this  contract has 

been  to  develop  the  means  of  obtaining  from  the  HCN  and/or  H20  lasers  now 

in  operation  in  the  Martin  Marietta  laboratories  an IF signal  of  sufficient 

spectral  purity so as  to  permit  eventual  phase-locking  of  the  laser  to a 

frequency  standard.  It  has  initially  been  desired  to  obtain  stabilities  on 

the  order  of a part  in  lo8  by  either  phase-locking  to  the  multiplied  fre- 

quency  standard  signal  or  by  locking  with  an  AFC  circuit  to  the  frequency 

standard  signal.  With  the  AF’C  loop,  the  stability  of  one  part  in 108 has 

been  achieved. 

During  the  course  of  this  contract, a complementary  program,  .sponsored 

by  ECOM,  has  been  performed.  This  investigation,  “Extension  of  Frequency 
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Control  to  the  Infrared  Region,"  was  sponsored  by  the  Frequency  Control  and 

Solid  State  Division,  United  States  Army  Electronics  Command,  Fort  Monmouth, 

New  Jersey,  under  Contract  DAAEO7-68-C-0206;  Dr.  Helmut  Hellwig  was  the  tech- 

nical  monitor.  While  both  programs  have  been  concerned  with  the  same  subject, 

no  repetition  of  work  was  performed,  but  instead a more  extensive  investiga- 

tion  of  the  many  effects  involved  has  been  carried  out.  Thus, a theoretical 

treatment  of  phase-locking  of  the  laser  and  various  experimental  studies  of 

the  phase-locking  have  been  performed  on  the  ECOM  contract,  while  the  NASA 

effort  has  concentrated  on  the  stability  characteristics  of  the  laser,  the 

beating of two  HCN  lasers  and  the  eventual AE'C of  the  laser  by  the  harmoni- 

cally  generated  frequency  standard  signal.  The  work  has  been  concerned 

mainly  with  the  HCN  laser  since  it  is  more  accessible  by  harmonic  generation, 

but  all  techniques  are  applicable  to  the  H20  laser. For the  purpose  of  com- 

pleteness,  the  investigations  performed  on  both  contracts  are  discussed  in 

this  report. 

11.  LASER  STABILITY  MEASUREMENTS 

In  order  to  determine  the  stability  and  factors  affecting  the  stability 

of an HCN  laser, a series  of  experiments  were  performed  in  which  two  free- 

running  lasers  were  mixed  in  open-structure,  point  contact  mixer.  The  two 

lasers  are  shown  in  Figure 1. The  laser  on  the  right  is  mounted  on a cement 

beam  for  stability  purposes.  The  laser  uses  the  box  configurations  for  the 

mounting  of  the  mirrors  and  is  approximately 12 feet  long.  The  gas  inlet  is 

in  the  near  box  and  the  pump  outlet  is  in  the  far  box.  The  laser  on  the  left 

is  mounted  on a granite  slab  and  essentially  has  the  same  configuration  as 

the  other  laser,  but  is  only 10 feet  long.  In  Figure 1, both  lasers  are 

mounted  on  six-inch  inner  tubes.  The  tube  shown  perpendicular  to  the  lasers 

was  being  used  for  gain  measurements  of  HCN  at 890 GHz. 
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Figure 1. Photograph of Two Lasers Used t o  Make Laser   Stabi l i ty   Studies  
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The  open-structure  point  contact  diode,  shown  in  Figure 2, is  constructed 

on  the  same  principles  as  the  conventional  waveguide  mixers,  except  that  the 

laser  signals  are  coupled  to  the  diode  through  two  1/2  inch  holes.  Small 

mirrors,  mounted  on  gimbal  supports,  reflect  the  signals  back  to  the  diode 

structure.  It  was  found,  during  these  investigations,  that  the  optimum 

part of the  diode  for  the  laser  signals  to  strike  is  the  hook  in  the  tungsten 

whisker  rather  than  the  junction  of  the  whisker  and  crystal. 

A block  diagram  of  the  mixing  experiment  is  shown  in  Figure 3 .  The  out- 

put  of  the  mixer  is  amplified  in a video  amplifier.  The  amplified  signal  is 

displayed  on  an  oscilloscope  and  mixed  with a local  oscillator.  The  side 

band  that  is  generated  is  displayed  in  the  frequency  domain  on a spectrum 

analyzer.  The  results  of  the  first  experiment  are  shown  in  Figure 4. Widths 

in  excess  of 50 kHz were  obtained  in  all  observations. 

The  first  modification  to  the  above  experiment  was to isolate  each  laser 

from  the  ground  by  setting  it  on  six  inner  tubes,  which  can  be  seen  in  Fig- 

ure 1. Only  slight  improvement  in  the  stability  occurred. 

The  next  modification  was  to  stabilize  the  discharges  in  the  laser  tubes 

by  using  an  ethyl  ether  and  ammonia  mixture  instead  of  natural  gas  and  nitro- 

gen.  The  effect  on  the  beat  is  shown  in  Figure 5. The  line  in  Figure  5a 

has  narrowed  considerably,  in  most  cases  being  less  than 20 kHz. In  the 

time  domain  representation,  Figure 5b, the  drift  was  found  to  be  at a 120 Hz 

rate,  thus  indicating  that  the  ripple  on  the  power  supply  could  be a major 

source  of  instability.  By  the  use  of  filtering  and a feedback  network, a 

constant  current  supply  can  be  generated;  with  the  reduced  ripple  and  drift 

of  the  current  from  the  power  supply,  each  laser  should  be  more  stable  with 

a resultant  reduction  in  the  linewidth of the  beat.  With  such a circuit, 
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Figure 2. Photograph of Open-Structure,  Point-Contact Mixer 



Open Structure 
Mixer 

Balanced 
Mixer 1 Gen 1 

To Analyzer 

Figure 3. Block  Diagram of Experiment to Study 
Factors  Affecting  Laser Stability 

Figure 4. Frequency  Domain  Representation of Beat Between 
Two Lasers from I" Spectrum Analyzer 851B/8551B Band- 
width 30 kHz, Scan  Width  50 kHz/cm, Sweep  Time 10 ns 



Figure  5a.  Frequency  Domain  Representation  of  Beat  Between 
Two  Lasers  from  Polarad  Spectrum  Analyzer.  Sweep  Width, 

25 kHz/cm.  Center  Line  is R F  Local  Oscillator. 

Figure  5b.  Time  Domain  Representation of Above  Signal. 

Frequency  Occurred  at 120 Hz Rate. 
Drift  from  High  Frequency to Zero  Beat to High 

the  laser  employed  in  the  phase-lock  experiments  has  not  shown  a  significant 

narrowing  of  the  beat. 

While  further  reduction of the  beat  width  should  occur,  the  linewidth 

10-20 kHz is  more  narrow  than  the  beat  between  the  laser  and  klystron  har- 

monic  has  been  until  recently.  This  indicates  a  need  for  improvement  in 
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the  spectral  purity of the  multiplying  chain,  which  will  be  discussed  in 

a later  section. 

111. PHASE L O C a D  LASER 

The  problem of generating a standard  frequency  in  the  submillimeter 

wave  region  and  phase  locking a submillimeter  wave  laser  to  the  standard 

frequency  has  been investigated.analytical1y and  experimentally.  The  ex- 

perimental  portion  of  the  program  had  been  started  in  earlier  investiga- 

tions  (Reference 4); however,  the  analysis of the  phase  lock  problem  began 

during  the  period  of  this  contract. 

A. Theory 

In  order  to  obtain  design  guidelines  for  phase  locking  the  laser  to  the 

submillimeter  frequency  standard, a detailed  analysis  of  the  phase  lock 

system  was  needed.  The  results of the  analysis,  which  are  given  in  Appen- 

dix A, indicate  the  complexity  of  the  problem.  The  analysis  of  the  system 

results  in a nonlinear  differential  equation  with  random  driving  functions 

Two  approaches  to  obtain  solutions  were  taken.  The  first  was  to  put 

the  problem  on a computer  to  obtain  solutions.  The  second  was  to  fit  the 

problem  to  previous  analyses so the  previous  results  could  be  used. 

The  computer  program  for  the  approximation  of  phase  locking  through 

the  power  supply  without  filtering  was  run  to  check  the  program  and  to 

determine  whether  running  more  complicated  programs  on  the  computer  would 

be  fruitful.  The  results,  given  in  Appendix  Section V, clearly  show  the 

phase  locking  and  the  effect  of  the  loop  gain  on  the  time  to  lock.  Work 

toward  obtaining  solutions  for  the  more  complicated  problems  has  been  con- 

tinued. 
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Due  to  limited  time  and  resources,  the  present  problem  was  analyzed  in 

terms of existing  programs.  These  results,  given  in  Appendix  Section IV, 

provide  design  equations  to  determine  the  capability  of  the  system  to  lock 

and  to  ascertain  the  mosi;  desirable  design  for  lock. 

A glance  at  the  equations  themselves  would  not  uncover  any  particular 

problems.  However,  practical  problems  that  prevent  the  achievement  of  the 

desired  parameters  do  exist.  For  example,  the  sensitivity  and  capacitance 

of a piezoelectric  translator  are  limited  by  its  design  and  these  parameters 

affect  other  parts  of  the  system;  the  low  sensitivity  makes  high  voltages 

necessary,  causing  breakdown  problems,  the  capacitance  causes  amplifier 

design  problems,  etc. 

The  design  of a phase  lock  loop  using a piezoelectric  translator  will 

now  be  considered  for a few  conditions  to  illustrate  the  approach.  The  drift 

range  of  the  laser  is  assumed  to  be 10 kHz  and  the  piezoelectric  translator 

is  assumed  to  be a Lansing  Research  Model  21.233  which  has a sensitivity  ST 

of  0.79  p/lOOOV  and a capacitance  CT  of 0.045 pf. 

From  Appendix A the  value  of KO CT is given  by 

- wO 'T 
Ko 'T L 
" 

For  an 890 gHz  frequency  and a 3 meter  cavity, 

2n x 890 x lo9 x 0.79 x 
Ko 'T - 

- 
3 

= 1470 

The  variables  that  are  available  are Kdl ~1 and T ~ .  Since Am Aw and Tp 

are  interdependent,  an  iteration  technique  to  arrive  at  the  desired  design 

is  used.  Assume  that 

L' P 
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K = l O ,  T = 6 
2 

Kd 

T = 10 . Then -4 
1 

= 680/volt 

B L = W  = n 

L 

1 + K-r2 4 
A W L  - - = 2  x 10 rad /s  

TP - 
- 
kt+?) 1 

f o r  Aw = 10 5 

-r = R (CT 1 + c )  : R CT 

7 

= 500 pf 

This   design,   therefore ,  would p u l l   i n   t h e   l a s e r   i f  it were of f  by 30 kHz 

but would n o t   l o c k   i n ;   i . e . ,  it would skip  cycles  and the   t ime  for   lock  

would be 50 ps. The system  bandwidth i s  16 kHz and t h e  maximum vol tage 

out  of  the  phase  detector  and  amplifier must be 680 v o l t s .  A t  dc,  a l l  680 

v o l t s  i s  a c r o s s   t h e   p i e z o e l e c t r i c   t r a n s l a t o r .  A t  16 kHz, t h e  impedance  of 

t he   p i ezoe lec t r i c   dev ice  i s  210 ohms and t h e  network  has an impe,dance of 

approximately 2000 ohms so the   device d r a w s  approximately 0.3 amp.  The 

ampl i f i e r   t he re fo re ,  d r a w s  considerable power. 



It would  be  desirable  to  reduce  the  amplifier  requirements.  The  band- 

width  could  be  reduced  by  increasing TI. Let K = 10 , T~ = 10-6, TI = 10-3. 

Then 

6 

K = 680/volt 

= = 3.2 x 10 rad/s 4 
B~ n 

Aw = 6.3 x 10 rad/s 4 
P 

AwL = 2 x 10 rad/s 3 

0 S/NL = 560 

This  design  will  pull  in  a 10 kHz offset  frequency  and  will  lock  in  approxi- 

mately  the  same  time  as  before.  The  system  bandwidth  is  now 5 kHz. The 

voltage  at DC is  the  same  and  at 5 kHz the  impedance  of  the  piezoelectric 

translator  is 700 ohms. Therefore,  the  device  in  this  case  draws  only 30 ma. 

A further  variation  in K or ~2 would  probably  result  in  continued  im- 

provement.  Eventually  the  most  desirable  set  of  values  would  be  established 

governed  both  by  the  theory  and  the  practical  limitations. 

B. Techniques 

The  earlier  attempts at phase-locking  the  laser  to  the  harmonic  of  the 

frequency  standard  have  been  previously  described  (Reference 4). The  tech- 

niques  employed  were  similar to those  described  below.  However,  a  number 
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of  modifications  were  made in these  experiments;  some  changes  were  suggested 

by  the  phase  lock  analysis and the  laser  stability  studies. 

A block  diagram of the  equipment  used  to  attempt  phase  locking  the HCN 

laser  signal to the  submillimeter  frequency  standard  is  shown in  Figure 6. 

A Varian VC705 reflex  klystron  is  phase-locked to the  ninth  harmonic  of  an 

X-band  reflex  klystron,  which  itself is phase  locked  to  the sum of  an  har- 

monic of a  rubidium  frequency  standard  signal and m interpolation  oscil- 

lator  signal.  The  eleventh  harmonic  of  the  Varian VC705 is  generated  and 

mixed  with an HCN laser  signal at 890,758 GHz in  a  point  contact  multiplier. 

This  beat  frequency  signal  is  amplified  in an LEL 30 MH'z IF  amplifier  and 

sent  to  the  Model 2650 A Dymec  Transfer  Oscillator  Synchronizer.  The  phase 

error  signal  from  the  synchronizer  before  filtering  is  amplified,  filtered, 

and  fed  to  the  piezoelectric  translator on which  one of the  laser  mirrors 

is  mounted. 

The  amplifier  and  filter  were  designed  to  provide  sufficient  loop  gain 

and  loop  bandwidth  to  capture  the  beat  frequency  signal.  A  schematic  dia- 

gram  of  the  amplifier  and  filter  is  shown  in  Figure 7. 

The  signal  generated  by  beating  the  eleventh  harmonic  of  the  Varian 

VC705 with  the  laser  output  is  shown  in  Figure 8 after  amplification  by  the 

30 MHz IF  amplifier.  Figure 8a  is the  time  domain  representation  of  the 

beat  frequency  signal  reproduced  from  a  type 647 Tektronix  oscilloscope. 

The  frequency  spectrum  of  the  beat  is  shown  in  Figure  8b.  The  figure  was 

obtained  from  a  Polarad  spectrum  analyzer  with  an  STU-1A FU? tuning  unit. 

The  short  term  drift  range  or  the  bandwidth  integrated  over  the  short  term 

drift  is  approximately 50 MHz. 
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Figure 6. Block Diagram of Equipment Used 
for Attempt to  Phase-Lock  an HCN Laser 
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Figure 7. Schematic  Diagram of Amplifier  and  Filter  Used  in HCN Laser  Phase  Lock  Loop 



Figure  8a. 30 MHz Beat  Between  Laser 
and  Multiplied  Frequency  Standard 

(Time  Domain  Representation) 

Figure 8b. 30 MHz Beat  Between  Laser  and  Multiplied  Frequency 

50 kc/cm;  BW, 3 0  kc; Scan  Time 10 ms/cm 
Standard  (Frequency  Domain  Representation)  Scan  Width) 

Signal  to  Noise  Improvement. - A number of variations of the  equipment 

diagrammed in  Figure 6 were  tried.  With  the HCN laser  operating at 890,758 

MHz the  following  signals  were  used: 
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Tube  Harmonic 

Varian  VC714 6 

OKI 70V10 10 

OKI 70Vll  12 

Varian  VC715 9 

Also  the  seventh  harmonic  of  a  Varian  VC715  tube  was  mixed  with  the 960 GHz 

line  from  an HCN laser.  All  of  these  changes  were  made  with  the  intention 

of  improving  the  signal-to-noise  ratio  out  of  the  IF  amplifier.  It  was 

found,  however,  that  the  primary  limitation  on  the  signal-to-noise  ratio 

was  due  to  saturation  in  the  IF  amplifier.  When  that  problem  was  eliminated, 

then  the  signal-to-noise  ratio  was  satisfactory,  as  indicated  in  Figure  8a. 

Mechanical  Isolation. - In  an  attempt  to  narrow  the  width  of  the  beat 

between  the  laser  and  the  submillimeter  frequency  standard,  modifications 

were  made  to  isolate  the  laser  from  mechanical  vibrations.  The  laser  was 

isolated  from  the  floor  with  six  inner  tubes  as  shown  in  Figure 9. Any 

coupling  of  vibrations  throughhose  connections  was  also  eliminated  by  turn- 

ing  off  the  sources  of  vibration  and  by  isolating  them.  The  use  of  geo- 

phones  showed  that  the  vibrations  were  reduced  as  seen  in  Figure 10; how- 

ever,  no  change  occurred  in  the  beat  frequency  signal. 

Discharge  Stability. - Another  suspected  source  of  the  beat  frequency 

drift  was  the  instability  of  the  discharge  and  the  current.  The  change 

from  a  mixture  of  natural  gas  and  nitrogen  to  a  mixture  of  ethyl  ether  and 

ammonia  resulted  in  a  significant  change  in  the  discharge  stability  as  shown 

in  Figure 11. In  Figure  lla  the  instability  of  the  discharge  causes  it  to 

appear  uniform.  The  appearance  of  the  striations  in  Figure  llb  indicates 

the  temporal  stability  of  the  discharge  with  the  ethyl  ether-ammonia  mixture. 



Figure 9. Arrangement of  Inner  Tubes  for.Isolation of Laser from  Vibrations 



Figure 10. Geophone  Recording of  Laser  Vibrations 
Without  Isolation and With  Isolation  from Floor 

With  Inner  Tubes and Pump and Fan Off 

19 



Iu 
0 

Figure lla. Discharge Stability  Condition: Unstable Discharge 



Figure llb. Discharge  Stability  Condition:  Stable  Discharge  with  Standing  Striations 



In  addition  to  the  visual  stability  of  the  discharge,  the  stability  of  the 

current  was  examined.  Neither  improvement  in  the  current  nor  the  discharge 

resulted  in a change  in  the  beat  frequency  signal. 

Breakdown. - The  laser  used  in  these  experiments  had  been  operated  with 

the  mirrors  in  the  gas  mixture  atmosphere  as  shown  in  Figure  12.  Whenever 

a voltage  above  approximately  200V  was  applied  to  the  piezoelectric  trans- 

lator,  on  which  the  output  mirror  was  mounted,  breakdown  would  occur.  That 

problem  was  circumvented  by  making a Brewster  window  from  polypropylene  and 

operating  the  output  mirror  in  the  atmosphere  (see  Figure  12b).  With  the 

Brewster  window  system  the  beat  frequency  signal-to-noise  ratio  was  reduced 

by a factor  of  two  and  the  breakdown  voltage  was  greater  than  1500V. 

Multiplier  Chain  Instability. - At  the  same  time  that  experiments  were 
being  performed  on  the  phase  lock  equipment,  the  laser  stability  studies 

were  being  made  by  mixing  two  free  running  HCN  laser  signals  and  observing 

the  beat  frequency  as  discussed  in  Section 11. One  result  of  the  laser  sta- 

bility  studies  was  that  the  laser  linewidth  appeared  to  be  less  than  20  kHz. 

The  beat  between a laser  and a multiplied  microwave  signal,  however,  was  50 

kHz.  This  result  immediatedly  made  the  microwave  signal  the  suspected  source 

of  the  instability,  and  it  simultaneously  explained  the  discrepancy  between 

improvements  in  the  laser  characteristics  and  lack  of  improvement  in  the 

beat  between  the  laser  and  the  multiplied  microwave  signal. 

In  the  first  experiment,  which  verified  the  fact  that  the  microwave 

signal  was  the  source of the  instability,  ,the  multiplier  chain  from 5 to  120 

MHZ was  eliminated  and a 120 MHz crystal  oscillator  was  used  as  the  standard. 

The  block  diagram  of  the  equipment  is  shown  in  Figure  13.  The  beat  generated 

in  this  experiment  is  reproduced  from a Marconi  spectrum  analyzer  in  Figure 14. 
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Figure 12b. HCN Laser  Mirror  Configuration - Mirror  with 
Brewster  Angle Window at Atmospheric  Pressure 
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Figure 13. Block Diagram of Equipment Used to  Determine 
Source of Instability in Laser-Microwave Beat 



Figure 14. Beat  Generated  by  Experiment  Diagrammed 
in  Figure  12.  Total  Spectrum  Width 30 kHz, 
Sweep  Time 1 Second,  Bandwidth 150 kHz. 

The  drift  range  has  been  reduced  from  50 kHz  in  Figure 8b to 10 kHz in  Fig- 

ure 14. This  experiment,  therefore,  showed  that  a  major  source of instabil- 

ity  had  been  in  the  microwave  signal  rather  than  in  the  laser  signal. It 

also  showed  that  the  results  of  the  experiments  in  which no improvement  in 

signal  stability  had  resulted  from  changes  made  on  the  laser  should  be  re- 

examined  after  the  microwave  sources  of  instability  have  been  reduced. 

IV.  AUTOMATIC  FREQUENCY  CONTROL OF THE  HYDROGEN  CYANIDE  LASER 

In  order  to  achieve  an  improvement  of  the  stability  of  a  far  infrared 

laser,  it  is  also  possible  to  consider  automatic  frequency  control  of  these 

devices.  With  such  techniques,  stabilities on the  order  of  a  few  parts  in 

lo8 can  be  readily  attained.  The  phase-locking of the  laser  to  the  harmonic 

of  the  microwave  source  requires  further  work;  however,  with  equipment  simi- 

lar  to  that  described in the  previous  section,  the  laser  has  been  locked  by 

AFC methods  to  the  generated  millimeter  signal. 
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The AFC of  the  HCN  laser  has  been  performed  on  the 890 GHz  line  by  beat- 

ing  the  laser  with  the  12th  harmonic  of  an OK1 70  V10  to  produce a 60 MHz IF 

signal.  The 60 MHz  signal  was  amplified,  and a discriminator  response  was 

produced  in a Micro-Now  Model  201.  The  output  signal  is  amplified  in a DC 

amplifier  and  applied  to  the  piezoelectric  element  controlling  the  position 

of  one  of  the  laser  mirrors.  Under AFC, a significant  change  in  the  charac- 

teristics  of  the 60 MHz  beat  is  observed  on  the  spectrum  analyzer.  Vibra- 

tional  effects,  which  are  evident  in  the  unlocked  free-running  operation, 

are  no  longer  present  in  the AFC mode.  By  tuning  the  microwave  harmonic, 

it  is  possible  to  tune  the  laser  frequency. A variation  of  the  harmonic 

of  the  frequency  standard  by  as  much  as 600 kHz  shows  no  variation  in  the 

frequency  of  the IF, indicating  that  the  laser  is  following  the  microwave 

signal  when  AFC  is  employed. No significant  change  in  the  linewidth  is  ob- 

served  as  it  remains  on  the  order  of 10 kHz;  however,  the  signal  remains 

well  within  the 10 kHz  for  periods  of  several  hours.  This  corresponds  to 

a stability  on  the  order  of a part  in  lo8  for  this  period. 

Further  improvement  of  this  figure  is  evident  from  recent  investigations. 

In  order  to  provide  an  improvement  in  linewidth  during  the  unlocked  opera- 

tion, a laser, 9 feet  in  length,  with  4-inch  glass  tubing  has  been  assembled. 

Invar  rods  are  employed  to  maintain  the  separation  of  the  laser  mirrors. 

The  laser  mirrors  have  3.875  inch  diameters, a 24-foot  radius  and 0.090 inch 

holes  for  coupling  out  the  energy.  With  this  laser,  linewidths  of  approxi- 

mately 5 kHz  have  been  observed on the  Marconi  spectrum  analyzer.  With  this 

laser,  it  should  be  possible  to  realize  stabilities  on  the  order  of 5 parts 

I in 109 by  AFC  techniques. 
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Several  difficulties  still  remain  in  the  overall  system,  which  have 

delayed  the  phase-locking  of  the  laser  and  make  the AF'C technique  difficult. 

Improvement  in  the  piezoelectric  elements  is  necesary.  Improved  sensitivity 

and  lack  of  resonances  is  required.  With  the  original  mirrors,  made  of  2.875 

inch  diameter, 0.500 inch  thick  quartz,  a  500  volt  signal  from  the  DC  ampli- 

fier  resulted  in  a 150  kHz  swing  up  to  700  Hz  (frequency  input)  but  produced 

a  resonance  at 450  Hz  with  a  300  kHz  swing.  In  order  to  move  the  resonance 

to  a  higher  frequency,  a  0.250  inch  thick,  2.938  inch  diameter  flat  aluminum 

plate  was  fabricated.  This  lighter  plate  moved  the  resonance  to 680 Hz. 

Modulation  was  possible  to  1500  Hz.  It  would  be  desirable  to  have  the  reso- 

nance  at  a  higher  frequency ( 2  2 kHz  or  higher) so that  a  flat  frequency  re- 

sponse  up  to  this  frequency  is  available. 

Investigations  are  now  being  performed  to  provide  an  accurate  quantita- 

tive  figure  for  the  stability.  Counting  techniques  and  discriminator  Cali- 

bration are being  considered  as  methods  for  providing  this  figure.  When 

phase-locking  is  eventually  achieved,  the  desirable  technique  will  be  the 

beating  of  two  lasers  locked  to  a  microwave  source. 

V. CONCLUSIONS  AND  RECOMMENDATIONS FOR FUTURE WORK 

The  problem  of  phase  locking  a  laser  signal  to  a  submillimeter  frequency 

standard  has  been  investigated  analytically  and  experimentally.  In  addition, 

laser  stability  studies  to  augment  the  laser-microwave  phase  locking  experi- 

ment  were  performed.  Improvements  in  signal-to-noise  ratio  and  laser  and 

microwave  stability  have  been  made.  Although  phase  locking  has  not  been 

achieved,  it  appears  to  be  analytically  feasible,  and  no  experimental  infor- 

mation  has  indicated  an  impasse.  It is expected,  therefore,  that  continued 
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work in this  area  would  result in the  phase  locking  of  a  laser  signal  to  a 

submillimeter  frequency  standard. 

The HCN laser  has  been  locked  to  a  harmonic of a  frequency  standard 

with  a  longterm  stability on the  order  of  a  part  in 108. With  linewidths 

on the  order  of 5 kHz now being  achieved in a new  laser,  it  should  be  pos- 

sible  to  improve  this  stability  by  approximately  an  order  of  magnitude. 

This  program  was  originally  intended as the  first  phase  of  a  3-phase 

study  to  achieve  stabilities on the  order  of  a  part  in  lo8,  to  establish 

interferometric  techniques  for  wavelength  measurements  and  to  employ  these 

techniques  for  a  measurement of the  velocity  of  light.  The  goal  of  phase I 

has  been  achieved,  and  it  is  now  possible  to  proceed  with  the  following 

phases. 

On  the  basis  of  the  work  performed  during  this  contract  and  the  pros- 

pects  for  locking  a  far  infrared  laser,  work  should  be  continued  on  the  fre- 

quency  control  of  infrared  lasers.  The  following  investigations  warrant 

further  consideration  in  future  programs: 

- 1 Continued  improvement of the  spectral  purity  of  the  microwave  oscil- 

lator  from  which  the  millimeter  wave  signal  is  generated.  With  the 

linewidth  of  the  beat  signal  now  reduced  to 5 kHz,  it  is  possible 

that  further  reduction  of  this  width  can  result  from  an  improved 

spectrum  of  the  originating  source. Two new  multiplying  chains  are 

scheduled  for  delivery  to  the  Electromagnetics  Laboratory in  March, 

and  the  spectral  purity of the  signals  from  these  devices  will  be 

ascertained ir. the  beating  experiments. 

- 2 Improvement  of  the  laser  power  supplies.  Instability  and  noise  can  be 

originating  from  the  power  supplies. A current  regulator,  assembled 



t o   p rov ide   fu r the r  improvement i n   t h e   d i s c h a r g e   s t a b i l i t y ,   h a s  

shown no change i n   t h e  spectral c h a r a c t e r i s t i c s .  

- 3 With t h e  improved l inewidth,  a reassessment o f   t h e   e f f e c t s  of vibra-  

tions  should  be  performed. The new system,  with invar rods  to   mini-  

mize the   e f f ec t   o f   phys i ca l  motion  of the two laser mir rors ,  w i l l  

provide a means f o r   i n v e s t i g a t i n g   t h e s e   e f f e c t s .  

- 4 Investigations  should  be  continued  to improve the  discharge  config-  

u ra t ion  by improving the  electrode  geometry.  

- 5 Improved mirror  holders  are  needed and w i l l  c o n t r i b u t e   t o   t h e  sta- 

b i l i t y  of  the  system. 

- 6 An improved means of f eed ing   t he   con t ro l   s igna l   t o   t he   l a se r  is  

needed. Thus fa r ,   the   use   o f   the   p iezoe lec t r ic   e lements  has no t  

been  successful,   but work w i l l  continue on  improving th i s   t echnique .  

Present   p lans   ca l l   fo r   feed ing  an AFC signal   through  the power sup- 

ply  while  the  phase-locking  signal i s  appl ied  t o  t h e   p i e z o e l e c t r i c  

element on the  laser mirror .  

- 7 Methods for   enhancing  the  s ignal- to-noise   ra t io   of   the   heterodyne 

s i g n a l  between t h e   l a s e r  and the  microwave source  should be s tudied .  

The p o s s i b i l i t y  of using a higher  frequency  mill imeter wave source 

can  be  investigated.  Both a 1 2 7  GHz Varian  klystron  and a 300 GHz 

carcinotron  are   avai lable   for   these  s tudies .   Phase  locking  of   the 

carcinotron w i l l  be  necessary. Improvement of t he  mixer structures 

could r e su l t  i n  an  enhanced S/N.  The i n i t i a l   u s e  of  open s t r u c t u r e s  

has  proven  relatively  successful  for  heterodyning two l a s e r s ,  and 

w i t h  the   appropriate   focusing mechanism, should  be  appl icable   to  

t he  mixing  of  the laser and  microwave s igna l .  A new open-structure 

mixer w i l l  accept  two l a s e r   s i g n a l s  and a microwave s igna l .  
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- 8 The actual  phase  locking  of  the laser t o  the mul t ip l i ed   s igna l  

should  be  achieved  in the near  future.  Work should  continue on 

t h i s   a s p e c t  and  should  eventually  be  extended  to  higher  frequency 

laser systems. The locking  of  the H 0 laser a t  118  microns is  the  

next  most l ikely  system  to   be  cont inued.  

2 

- 9 The development  of  mixing  techniques  for  use  with  the C02 laser 

a t  10.6 microns i s  r equ i r ed   fo r  the application  of  frequency con- 

t ro l   t echniques   for   the   near   in f ra red   wavelength   reg ion ,   and  con- 

s i d e r a t i o n  of these  techniques w i l l  be made in   fu tu re   i nves t iga -  

t i o n s .  

- 10 I n   f u t u r e  work in   t h i s   l abo ra to ry   spec t roscop ic   i nves t iga t ions  w i l l  

be performed  with  the HCN l a se r .   F ree   r ad ica l s  and other  molecules 

which  have  energy leve ls   tunable   wi th   magnet ic   f ie lds  w i l l  be 

s tud ied .   In   add i t ion ,  a continued  effort   toward  obtaining better 

detectors ,   non-l inear   devices  and  components w i l l  be made. An ab- 

sorp t ion  ce l l ,  i n s e r t e d   i n t o   t h e   l a s e r   i n t e r f e r o m e t e r ,  is being 

constructed  for  magnetic  resonance of paramagnetic  molecules. Ex- 

perimentation is being  performed in   p repa ra t ion   fo r   t he   he t e ro -  

dyning of the  SO l a se r   w i th  a harmonic  of the   carc inot ron .  
2 
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APPENDIX A 

I. PHASE LOCKING LASERS 

Introduction. - The  technique  of  phase  locking  has  been  used  to  improve  the 

stability  and  bandwidth of oscillators  up  to  the  millimeter  wavelength  region. 

A discussion  of  phase  lock  techniques  applied  to  lasers,  especially  the HCN 

laser  is  given  below.  For  phase  locking  to  be  successful  a  number  of  ques- 

tions  must  be  answered  satisfactorily  by  the  analysis  and  experiment.  The 

first  question  is  whether  acquisition  can  be  successful.  This  requires  the 

consideration  of  the  nonlinear  differential  equation  governing  the  operation 

of  the  loop.  When  acquisition  is  successful,  the  characteristics  of  the 

locked  laser  can  be dete.mined from  the  linearized  equation. 

Two techniques,  phase  locking  through  the  power  supply  and  phase  locking 

with  a  piezoelectric  translator  as  part  of  the  cavity  control,  are  considered. 

With  each  technique  the  inputs  affecting  phase  locking  are  the  noise  output 

from  the I F  amplifier  and  the  random  drift  of  the  laser;  the  reference  is 

assumed  to  be  essentially  a  sine  wave.  The  random  drift  shows  up  directly 

as  a  noise  source in the  laser  signal  phase.  The  amplified  mixer  noise, 

which  is  assumed  to  be  additive,  affects  the  result  when  it  is  multiplied 

by  the  reference. 

11. PHASE  LOCKING THROUGH  POWER SUPPLY 

For  a  laser  that  has  the  control  current  (voltage)  applied  to  the 

power  supply,  the  phase  lock  loop  is  shown  in  Figure  A-1.  The  laser  is 
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vd= K,vi(t)vo(t) 
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Detec tor  Filter 
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V cos (coot + Bo) + n(t) 30 Mc 
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j I2 
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Supply 

890,758 Mc 

890,728 Mc 

Figure A-1. Block Diagram of Laser Phase Lock  Loop 
When Locking  Through Power Supply 

considered  to  be an HCN laser operat ing a t  890,758 GHz, and the  I F  i s  

assumed t o  be 30 hz .   I f   the  power supply i s  assumed t o  have a r e s i s t i v e  

i n t e r n a l  impedance  and t h e   l a s e r  i s  assumed t o   b e   r e s i s t i v e ,   t h e n  it can 

be assumed t h a t  6 = Ko12 is  v a l i d ,   t h a t  i s ,  the  frequency is propor t iona l  
0 

t o   t h e   c u r r e n t .  

From Figure A-1,  

6 = K I + $,(t) 
0 0 2  

= K o F ( s ) V d  + $,(t) 

= KoF(s) l'KmVi(t) 1 + $, 

where $ (t) is the   representa t ion  of t he  random d r i f t  of t h e   l a s e r .  A 

mixed nota t ion  i s  used i n   t h e  above equations which is  cor rec ted  a t  t h e  

end when the   d i f f e ren t i a l   equa t ion  i s  wr i t t en .  

V 

The noise   out   of   the   IF  amplif ier  i s  given by 

n ( t )  = n (t) cos w t + n (t) s i n  w t 
C 0 S 0 
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where  n  (t)  and  n (t) are  Gaussian  and  have  power  spectra  that  are  modified 

by  the IF amplifier  response. 

C S 

Substitution  of  the  noise  expression  into 

Vd = Kmvi(t)vo(t) 

= K V sin(wit + ei) [vo cos(wot + eo)  + n(t) 1 m s  

gives 

v = K sin [ ( w  - wo) t + (€Ii - Bo) I d d  i 

+ - Kd  nc(t)  sin [ ( w  - w )t + oil 
vO 

0 

where  K = K m 7  . The  last  expression  for v is  the  result of the 

expansion of the  product  of  sines  and  cosines  and  retaining  the  difference 

terms  only. 

. .  s o  
d  d 

The  phase  error  is  given  by 

6 e = ( O i - O ) = w . t + e  0 - w t - J 6  dt 
1 i 0 0 

so that 

ee = (Wi - wo)  - 
When wi = wo, which  is a reasonable  assumption  since $ (t)  can  account  for 

any  difference  in  frequency, 

V 

0 = -0 

If  the  expression  for  v  is  substituted  into  the  expression  for 6 and  the 
arbitrary  phase Bi is  set  equal  to  zero,  then 

e 0 

d 

This  is  the  general  equation  for  phase  locking  a  laser  through  a  resistive 

load. 
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TWO s p e c i a l  cases are o f   i n t e r e s t :  

1) When F ( s )  = 1, 

Kd 
O e  + K K s i n  B e  = K~ ns (t) - $,(t) o d  

0 

which is a f i r s t   o r d e r   d i f f e x e n t i a l   e q u a t i o n   t h a t  is  q u i t e  amenable to 

so lu t ion  when 8 is  small. 

2 )  When F ( s )  = (see  Figure A-2 f o r   t he   ca se   o f   i n f in i t e   l oad  

impedance) 

e 
l + T S  

1 + T s '  1 

l + T S  

s0 + K 
e o l + ~ s  d e 

K s ine  
1 

l + ~ s K  
- - 2 d  

K o l + T s V  - n s ( t )  - @,(t) 
1 0  

or  in   t he   t ime  domain 

T O  + ( ~ + K K T   COS^)^ + K K  s i n e  l e  o d 2  e e o d  e 

r--- 1 
I I 

I 

i I 

Figure A-2.  Lag-Lead Network i n  
Laser Phase Lock  Loop 
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which is the same equation as would be obtained  for   locking a microwave 

source  using a lag-lead  network.  This  equation  has  been  thoroughly 

analyzed  under a number of   spec ia l   condi t ions ,   bu t   no t   for   acquis i t ion  

with random inputs .  

111. PHASE LOCKING THROUGH CAVITY 

When the laser is  t o  be  phase  locked by con t ro l l i ng   t he   cav i ty   l eng th  

with a 

system 

w and i 

l inear   piezoelectr ic   t ranslator ,   then  the  block  diagram of the  

i s  a s  shown in   F igu re  A-3. The equa t ion   fo r   t h i s   l oop  when w = i 

'i = 0 is 

e = e  
e 0 

where the  l /s  is due t o   t h e   f a c t   t h a t   t h e   p i e z o e l e c t r i c   t r a n s l a t o r   c a n  be 

r ep resen ted   e l ec t ron ica l ly  as a capac i tor .  

For   the  case F ( s )  = 1, the  equat ion becomes 

o r  
n s ( t )  . 

ii + K K  s i n e  = K K  - -  
e o d  e o d Vo 9v (t) 

An undes i rab le   charac te r i s t ic   o f   th i s   equa t ion   can   be   seen  by l e t t i n g  

s i n  0 -t 0 . The homogeneous solut ion  of   the  equat ion i s  o s c i l l a t o r y  so 

the  system would be  unstable.  A f i l t e r  must be  used t o   s t a b i l i z e   t h i s  

system. When t h e   f i l t e r  i s  a s e r i e s   r e s i s t o r ,   t h e n  damping is introduced 

into  the  system. 

e e 

37 

1 
L 



h V = Kmvi(t)vo(t) 
V s in  (o.t + 8 . )  d 

S 1 1 F(s) Phase t 0 
Detector Filter 

- 

30Mc 9 L 
1 

IF + n(t) Mixer  Laser - Piezoelectric 
Amplifier 

J b \ L 

Translator 

890,728 Mc 

890,758 Mc 

Figure A-3. Block Diagram of Laser  Phase Lock  Loop When Locking With P iezoe lec t r ic   Trans la tor  



I 
If  the  circuit  of  the  filter  is  as  shown  in  Figure A-4, then 

F(s) = C T 1 + T ~ S  

The  differential  equation  is  then 

1 i- S T  

'e + KoKdCT 1 + S T  e sin e 
1 

1 + ST n  (t) 
= K K C  2 s  ~- 

o d T  1 +  S T ~  4)v (t) 
vO 

This  equation  is  identical  to  the  second  order  equation  for  phase  locking 

through  the  power  supply  or  to  phase  locking  a  microwave  source.  The 

advantage  of  having  a  standard  equation  is  that  results  of  previous  analyses 

of  the  equation  can  be  used  as  guides.  The  next  section  is  concerned  with 

arriving  at  design  equations  for  the  phase  locking  of  the  laser. 

IV. DESIGN  EQUATIONS 

The  analysis  of  second  order  loops  for  phase  locking  has  been  con- 

sidered  by  a  number  of  authors  and  the  work  has  been  summarized  by  Gardner 

(Reference  A-1).  For  acquisition,  the  signal  to  be  phase  locked is 

usually  assumed  to  be  offset  in  frequency  at  the  start  of  acquisition. 

Qualitatively  this  seems  to  be  an  easier  signal  to  lock  than  a  randomly 

drifting  signal  because  the  phase  is  not  accelerating  initially;  however, 

since  the  frequency  at  some  time is moving  toward  the  reference  it  may, 

in  some  cases,  be  easier  to  lock  the  laser.  The  only  way  to  check  the 

assumption  that  the  available  equations  are  valid  would  be to run  a  com- 

puter  program on the  laser  phase  lock  equations.  This  is  currently  being 

completed. 
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Pull-in  occurs  when  the VCO slowly  changes  direction  and,  if  not  inter- 

rupted,  will  eventually  lock  up. If Awp = I wi-wo I then 

Aw, = 24- 

where wn is  the  natural  frequency  of  the  second  order loop 

5 is  the  damping  factor  and  Kv  is  the  dc  loop  gain  or  KoKdF(0) 

Lock-in  occurs  when  there  is  no  skipping  of  cycles so that  the  signal 

pulls  in  immediately.  The  equation  for  lock-in  is 

Aw, = 2 5 wn 

The  time  required  to  go  from  some  angular  frequency  offset  somewhat 

less  than Awp to AwL , at which  time  the  loop  quickly  locks,  is  given  by 

Also, by  considering  the  half  power  points  of  the  closed  loop  gain,  the 

bandwidth  is  found  to  be 

BL 2 wn 

To  proceed  further  it  is  necessary  to  evaluate  the  above  expressions 

in  terms  of  the  physical  parameters  of  the  system.  The  second  order  equa- 

tion  is  obtained  by  considering  the  demoninator  of 0, in  the s plane  when 

sin Be = 8, and - and 4 =1. 
n s 

VO V 

For  the  locking  through  the  power  supply 

SO 

T 1 
T 1 

= S 2 + 2 5 w n + w  n 2 
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It is e v i d e n t ,   t h e r e f o r e ,   t h a t  

When l o c k i n g - i s  t o  be   ach ieved   th rough  the   p iezoe lec t r ic   t rans la tor ,  

then KoKd is replaced  by K K C o d T’ 

The equations  for  pull-in  and  lock-in terms of  the  system parameters 

where K = K K for  phase  locking  through  the power supply and K=K K C 

€or   phase  locking  through  the  piezoelectr ic   t ranslator .  

o d   o d T  

The evaluation  can  be  carried a s t e p   f u r t h e r  by considering  the  phys- 

cal   parameters  in  terms  of  the components of  the  system.  In  each  case 

Kd, t he  maximum vol tage   ou t   o f   the   phase   de tec tor   in  volts-’. KO is  the  

s e n s i t i v i t y  of  the  transducer  in  Hz/volt .   For  the  regulation  through  the 

power supply  the  sensit ivity  can  be  measured. The t i m e  cons tan ts   for  

power supply   cont ro l   a re   g iven   in   F igure  A-2. 

For   cont ro l   th rough  the   p iezoe lec t r ic   t rans la tor   the   va lue   o f  KoCT can 

be  found  from  the  translator.  The p i e z o e l e c t r i c   t r a n s l a t o r  moves the  laser 

mirror so  that   the   f requency of the  laser is changed by 



and t h e  change i n   t h e   l e n g t h  of t h e   c a v i t y  i s  r e l a t e d   t o   t h e  voltage across 

t h e   t r a n s l a t o r  by 

A L = S v  T 2  

Since   t he   t r ans l a to r  is  e l e c t r i c a l l y  a capac i tor ,   the   vo l tage  is  r e l a t e d  

t o   t h e   c u r r e n t  by 

The value of KO, t he re fo re ,  is given by 

K =  - - w 

L 
0 o $i2 d t  " 

cT 

and KoCT is  given by 
w 

KoCT - L 
" 'T 

The t ime  constants are given  in   Figure A-4. 

I 
""" 1 
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I 
V. COMPUTER ANALYSIS 

A  computer  program  for  the  phase  lock  loop  using  current  control  of 

the  power  supply  and  without  filtering  was  run.  These  conditions  result 

in a  first  order  nonlinear  differential  equation  with  the  only  system  con- 

trol  being  the  loop  gain.  The  inputs  are  the  mixer  noise  and  the  laser 

drift.  The  results  of  a  few  runs  are  shown in  Figures  A-5  to  A-10.  Since 

the  mixer  noise  and  drift  noise  are  affected in the  same  way  for a first 

order  system,  only  the  drift  noise  is  used. Also, the S/N in  the  actual 

system  has  been  well  above  the 6 dB  level  required  for  lock. 

In the  figures  the  effects  of  varying  the  rms  value of the  noise  fluc- 

tuations, 0, and  the  loop.  gain,  KoKd,  are  evident. As 0 decreases  for  a 

given K K the  fluctuations  in  the  phase  decrease  and  lock  occurs  for 

longer  periods.  For  a  given 0 the  time  to  lock  is  inversely  proportional 

to  the  loop  gain  and  the  fluctuations in phase  after  lock  decrease  as  the 

o d  

loop  gain  increases. 
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Figure A-5.  Loop Gain = 10 4 ; RMS Noise = 10 4 
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Figure A-6. Loop Gain = l o 4 ;  RMS Noise = 10 4 
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Figure A-7. Loop Gain = 10 ; RMS Noise = 10 4 3 
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APPENDIX B 

CW G A I N  CHARACTERISTICS OF THE 890 GHz HCN LASER LINE 

Vincent J. Corcoran, William T. Smith 

and James J. Gallagher 

Electromagnetics  Laboratory 

Martin Marietta Corporation 

Orlando, F lor ida  

ABSTRACT 

Abstract  -- Continuous wave unsa tu ra t ed   ga in   cha rac t e r i s t i c s  of t he  890 

GHz HCN l a s e r   l i n e  have  been  measured  versus  current  for  various  flowing 

mixtures  of CH CN and H 0. 3 2 

The HCN l a s e r ,  which  has  been  operated  pulsed'  and  continuously2, is of 

in te res t   because  it is  one  of  the few submill imeter lasers that   has   been 

operated  continuously2l3.   Studies have expla ined   the   t rans i t ions   involved  4,5 , 

and the  frequency  of  the laser l i n e s  have  been  measured . The gain  of  the 

l a s e r   t r a n s i t i o n s  i s  an important  parameter  for  improving  the  performance 

of these  long  wavelength  lasers7 which a re   po ten t i a l ly   u se fu l   fo r   spec t ro -  

scopy  and the   accura te  measurement  of t he   ve loc i ty  of l i g h t .  The ga in  of 

a water  vapor laser i n   t h e   p u l s e  mode has  previously  been  measured . Gain 

measurements  of t he  890 GHz HCN l ine   dur ing   cont inuous   exc i ta t ion  as a 

funct ion of cu r ren t  and pressure   a re   repor ted   here   for   var ious   mix tures .  

6 

8 
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A schematic  of  the  apparatus  used  to  measure  the  gain  in a continuous 

mode i s  shown in   F igu re  B-1. Radiation a t  890 GHz emit ted from t h e  HCN 

l a s e r  i s  col l imated  with a f r o n t   s u r f a c e   r e f l e c t o r .  The col l imated beam 

f i l l s   t h e   e n t r a n c e  window o f   t he   ampl i f i e r   ce l l .  A f t e r  passing  through the 

c e l l ,   t h e   r a d i a t i o n  is chopped, co l lec ted   wi th  a c o n i c a l   l i g h t  pipe, and 

de tec ted   wi th  a Golay c e l l .  The output  of t he  Golay c e l l  goes t o  a lock-in 

ampl i f ie r  which is synchronized t o  the  chopper ,   then  to  a recorder .  

The a m p l i f i e r   c e l l  i s  constructed  of 3 inch K i m a x  tempered g lass   p ipe .  

The c e l l  is  145 cm with an act ive  region of 116 cm.  Windows of q u a r t z   o r  

mylar a r e  used a t   t h e   e n t r a n c e   t o  and e x i t  from t h e   c e l l .  A modified mer- 

cury  arc  power supply is  used to   exc i t e   t he   gas   d i scha rge .  The s t a i n l e s s  

s t e e l   e l e c t r o d e s   t o  which the  power supply i s  connected are water cooled. 

The gasses   a re  pumped from the  manifold  through  the  cel l  by a Welsh 1397 

forepump. 

The aper ture  of t h e   c o n i c a l   l i g h t   p i p e  is  19 mm, so t h e   l i g h t   p i p e   c o l -  

l ec t s   on ly   t he   cen t r a l   po r t ion  of t he   r ad ia t ion   ex i t i ng  from the   ampl i f ie r  

c e l l  which has a 78 mm I D  and a 55 mm window. 

Measurements  were made on flowing  mixtures  of C H   C N  and H 0 .  Firs t ,  3 2 

t he   r ad ia t ion  was measured with an evacuated c e l l ,  and then  with an  unex- 

c i t ed   gas .  N o  absorpt ion by the  unexcited  gas w a s  observed. When the  gas 

mix tu re   i n   t he   ce l l  w a s  exc i ted ,  a d i scernable  change i n   t h e   d e t e c t i o n   r a d i -  

a t ion  w a s  observed. The amplitude  of  the  input  radiation was v a r i e d   t o   i n -  

su re   t ha t   s a tu ra t ion   d id   no t   occu r   du r ing   t he  measurements. 
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Figure B-1. Schematic of Experiment to Measure  Unsaturated CW Gain of 890 GHz HCN Laser  Line 



Curves  of  gain  per meter versus   cur ren t   for   var ious   mix tures  of CH CN 3 

and H 0 are shown in   F igu re  B-2.  The d a t a   i n d i c a t e   t h a t   t h e   g a i n  is de- 

pendent upon the  par t ia l  pressures  of the   gasses   and  the  current .   These 

data should  be  useful  both for designing HCN l a s e r s   w i t h  CH3CN and H 0 

mixtures  and  as a basis of comparison for   o ther   chemica l   mix tures   tha t   p ro-  

duce HCN l a s e r   a c t i o n .  

2 

2 
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APPENDIX C 

N E W  TECHNOLOGY 

After a diligent  review of the  work  performed  under  this  contract, 

no  new  innovation,  discovery, or invention was made. 

NASA-Langley, 1969 - 16 CR-1461 
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